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ABSTRACT: The adsorption of the strong polyelectrolyte sodium poly(styrenesulfonate) (NaPSS) to the
air surface of water was investigated as a function of polymer concentration from the dilute regime to
the beginning of the semidilute regime. Detailed segment profiles of the deuterated polymer were
determined by neutron reflection (NR). Data were obtained for 0.67 and 2.50 M KCl. For two samples
differing widely in molecular weight (1150 and 56.1 kg/mol), we find that with increasing polymer
concentration the adsorbed amount first increases, reaches a maximum, and then decreases strongly.
The PSS concentration at which the maximum is reached is dependent on both the molecular weight
and the salt concentration in a manner that correlates with the chain overlap concentration. Regarding
the segment profiles, at low polymer concentration the profiles are composed of a thin layer of high
concentration at the air surface (trains), followed by a distinct second layer of much lower segment
concentration that extends to larger depths into the liquid (loops and tails). Complementary X-ray reflection
(XR) revealed a localization of ions about 10 Å below the surface for dilute PSS concentration. This layer
becomes more diffuse at higher PSS concentration, in conjunction with the decrease in PSS adsorbed
amount measured by NR. This surprising behavior of the adsorbed amount with polymer concentration
is not explained by current SCF theory treating the adsorption of strong polyelectrolytes to neutral
surfaces. We discuss a few possible explanations for this desorption transition. Finally, we observe that
the surface tension decreases monotonically with increasing concentration of PSS in bulk solution but is
not correlated with the adsorbed amount of PSS at the surface.

Introduction
The adsorption of polyelectrolytes onto surfaces is

important in many technologies. Polyelectrolyte adsorp-
tion onto colloid surfaces plays a central role in the
stabilization of emulsions in food, photographic, and
pharmaceutical industries.1,2 The adsorption of biologi-
cal polyelectrolytes is a key step in many biochemical
processes. Understanding such processes is also impor-
tant for controlling fouling in biotechnological operations
and for controlling biocompatibility in biomedical ap-
plications.3 From a fundamental point of view, it is
important to investigate how the conformation of a
polyelectrolyte is changed near an interface and the
factors which control the conformation, the adsorbed
amount, and the distribution of counterions.4

The present work focuses on the variation in the
adsorption of strong polyelectrolytes with bulk polyelec-
trolyte concentration. We are concerned with variations
in the adsorbed amount and the conformations of the
adsorbed chains. In bulk solution, experimental studies
of polyelectrolyte concentration effects have focused on
variations in correlation lengths by neutron5-9 and
light10-13 scattering, along with rheological proper-
ties.9,14,15 Recently, Takahashi et al. reported radii of
gyration for sodium poly(styrenesulfonate) (NaPSS) in
pure water over a range of NaPSS concentration in the
semidilute and concentrated regimes by neutron scat-
tering.16 Polyelectrolyte chain conformations have not

been directly studied in the dilute regime due to the
limited sensitivity of the experimental techniques.
Theoretical understanding of polyelectrolyte systems
has been hampered due to the complication of the long-
range nature of the Coulomb interaction, which cannot
be handled presently beyond the linear Debye-Hückel
approximation, which surely breaks down for strong
polyelectrolytes. In particular, for salt-free solutions the
regime in which neither Coulomb interactions nor
entropy dominates cannot be accurately treated at
present. In this case, the counterions are neither
entirely condensed on the chains nor entirely free but
are distributed between the two states. Recently, Stevens
and Kremer17 reported molecular dynamics simulations
of linear polyelectrolytes in solution. They covered a
range of concentrations from dilute to semidilute. In
contrast to the predicted dilute limit of rodlike chains,
they found that the polyelectrolyte chains have signifi-
cant bending even at very low polymer concentrations.
Furthermore, the chains begin to contract at concentra-
tions roughly an order of magnitude lower than the
chain overlap concentration. This is due to the overlap
of the counterion clouds. In the presence of high salt
concentration, the counterions exchange rapidly with
free ions, and the concept of a counterion cloud is no
longer valid.

Several experimental studies have been reported on
the adsorption of polyelectrolytes to interfaces as a
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function of polyelectrolyte concentration.18-22 Papen-
huijzen et al. studied the adsorption of PSS onto poly-
(oxymethylene) single crystals.18 They found that the
adsorbed amount increased with PSS concentration and
molecular weight as well as with ionic strength. How-
ever, the PSS concentration range they studied was
much lower than in the present study. Detailed con-
centration profiles near the substrate were not reported.
Okubo,19 Okubo and Kobayashi,20 Gaminati and Gab-
rielli,21 and Theodoly et al.22 used surface tension
measurements to study the adsorption of various poly-
electrolytes to the air surface of water as a function of
polyelectrolyte concentration. They examined polyelec-
trolyte concentrations ranging from dilute to semidilute.
Attempts were made to infer adsorbed amounts and
polymer conformations indirectly from decreases in
surface tension.

We have chosen the air surface of aqueous solutions
as a model interface for studying the adsorption of
polyelectrolytes. This provides a straightforward and
reproducible interface which is easily probed with
X-rays and neutrons and also allows the free energy to
be probed through surface tension measurements. In
previous work,23 we examined the adsorption of the
strong polyelectrolyte poly(d-styrenesulfonate) (d-PSS)
from dilute solution (0.001 g/mL) to the air surface of
water as a function of molecular weight and salt
concentration by neutron reflection (NR). In the limit
of low salt concentration, the profile tends toward a
conformation consisting of mainly a thin dense surface
layer, i.e., mostly trains with few segments extending
into the subphase. At higher salt concentration, the data
indicated a bilayer profile with a thin layer (∼20 Å) of
very high segment concentration at the air surface and
a distinct second layer of much lower segment concen-
tration which extends much further into the subphase.
The adsorbed amount increased with salt concentration,
with a stronger dependence for higher molecular weight
chains. While the trends of adsorbed amount and layer
thickness were consistent with the predictions of nu-
merical self-consistent-field (SCF) theory for adsorption
at a neutral surface, the measured bilayer profiles
contrasted with the smoothly decaying theoretical pro-
files.

In the present work we report the adsorption of d-PSS
to the air surface of water as a function of d-PSS con-
centration for two widely different molecular weights.
For the first time we combine direct measurements of
the adsorbed amount of polyelectrolyte (by neutron
reflection), the ion distribution (by X-ray reflection), and
the free energy (by surface tension measurements). We
study d-PSS concentrations ranging from the dilute
regime to the beginning of the semidilute regime. While
many previous studies have drawn inferences about the
adsorbed amount from variations in the surface
tension,19-22 we find that there is no correlation between
adsorbed amount and the surface tension. Another
important finding is that a maximum in adsorbed
amount occurs with increasing PSS concentration. This
surprising result is the main topic of this report.

Experimental Section

Materials. Two deuterated sodium poly(styrenesulfonate)
samples were used. d-PSS56, with molecular weight of 56 100
g/mol (excluding Na+ counterion) and Mw/Mn ) 1.06, was
obtained from Polymer Source and used as received. For the
second sample, dPSS1150, d-PS of molecular weight 708 000

g/mol and Mw/Mn ) 1.03 was obtained from Pressure Chemical
Co. and sulfonated using the method of Vink.24 A solution was
prepared by dissolving 1 g of d-PS in 100 mL of cyclohexane.
This solution was added dropwise to a solution of 6 g of P2O5

in 27 mL of H2SO4 at 50 °C. The solution was stirred for 60
min and then allowed to stand for an additional 60 min
without stirring. The solution was cooled in an ice bath, and
then 17 g of frozen H2O were added. In this process a
yellowish-white sticky mass was obtained. The product was
washed with distilled water several times, dissolved in 300
mL of water, and then purified by dialysis against deionized
water for 1 week. Finally, the product was neutralized and
recovered as the sodium salt by freeze-drying. The sulfoniza-
tion level of both samples was roughly 90% by NMR.

Methods. For the NR experiments, the solutions were
prepared by first dissolving the d-PSS in an H2O/D2O mixture
(v/v 0.843/0.157) at the desired concentration, followed by
addition of KCl. After mixing, the solutions were allowed to
equilibrate for at least 6 h prior to use. The composition of
the aqueous solvent was chosen to optimize the neutron
scattering contrast while maintaining a measurable critical
edge for total reflection for normalization. The neutron scat-
tering length density (SLD) of the pure subphase was 0.530
× 10-6 Å-2, which corresponds to a critical edge for total
reflection of neutrons at qc ) 0.0052 Å-1, where q ) 4πsinθ/λ.
Fresh solution was prepared for each reflectivity experiment.
The solution was contained in a Teflon trough at room
temperature. Roughly 20 min passed between the time the
solution was poured into the trough and the beginning of data
collection. The runs were repeated at ∼4 h intervals until
successive runs gave identical (within the error bars) reflec-
tivity curves. The neutron reflectivity (NR) measurements
were performed on the NG7 reflectometer at NIST using a
fixed wavelength of 4.75 Å. The reflectivity data were analyzed
using model functional forms. The SLD profile was ap-
proximated by dividing the entire profile into 2 Å thick slabs
and varying the SLD according to various functional forms.
The number of adjustable parameters was either 4 or 5
depending upon the functional form. The reflectivity was
calculated from the stack of slabs using the optical matrix
method.25,26 Best-fit profiles were determined by minimization
of least squares.

For the X-ray reflectivity (XR) measurements, a similar
protocol was followed except that the solutions were prepared
in pure H2O. The XR measurements were performed at the
BW1 (undulator) beam line at the HASYLAB synchrotron
source (Hamburg, Germany) using a dedicated liquid surface
diffractometer.27 The data were analyzed in a manner analo-
gous to that for NR.28 The interfaces were smeared using a
Gaussian function.

Turbidity experiments were performed using a helium-
neon laser (Uniphase, model 1300 series), operating at a
wavelength of 633 nm. PSS1150 solutions with varying
polymer concentration at KCl concentrations of 0.01, 0.67, and
2.5 M were prepared in rectangular quartz cuvettes. The
turbidity of the solutions was obtained from the ratio of the
transmitted intensity to the incident intensity.

A series of surface tension measurements were performed
following the reflectivity work using the Wilhelmy plate
method with a sandblasted platinum plate and a Q11 force
transducer from Hottinger-Baldwin. The plate was flamed
prior to each series of measurements to remove adsorbed
organic material. A few measurements were also performed
using a filter paper. No difference was observed in the results
of the two methods. The time dependence was examined by
comparing measurements performed within a few minutes of
creating the interface to those after 4 h for solutions of
PSS1150 at 0.01 g/mL and KCl concentrations of 1.7 and 2.5
M. No variation in surface tension was detected over this time
period.

Results

NR data for solutions of d-PSS1150 at 0.67 and 2.50
M KCl are shown in Figure 1a and Figure 2a, respec-
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tively, for several PSS concentrations. The data are
displayed as reflectivity × q4 to compensate for the q-4

decay due to the Fresnel law and thus more clearly
reveal differences in the curves. For both KCl concen-
trations, the reflectivity initially increases with PSS
concentration, reaches a maximum at very low PSS
concentration, and then decreases strongly with further
increase in PSS concentration. At a PSS concentration
of 0.01 g/mL, the reflectivity at 0.67 M KCl is nearly
identical to that for the pure H2O/D2O subphase. For
2.50 M KCl, the reflectivity at 0.01 g/mL is only slightly
higher than that of the pure H2O/D2O subphase.

Best-fit segment concentration profiles are shown in
Figures 1b and 2b. Segment concentrations were cal-
culated from the SLD values assuming a uniform
distribution of K+ and Cl- ions and Na+ condensation
on the d-PSS chains. The values are not significantly
different if Na+ is replaced by K+ in the calculation. The
calculated SLD of a pure melt of d-PSS-Na+ is 3.1 ×

10-6/Å2, assuming a mass density of 0.83 g/cm3. At low
polymer concentration, the profiles are composed of a
thin layer of high concentration at the air surface
(trains), followed by a distinct second layer of much
lower segment concentration that extends to much
larger depths into the liquid (loops and tails). This was
discussed in our previous report.23 The thickness of the
first layer is 20 ( 10 Å. A bilayer profile is not required
at the highest polymer concentrations, but rather a
smoothly decaying one-layer profile is adequate. How-
ever, since the signal becomes weak at high PSS
concentration, there is substantial uncertainty in the
profile shape determined in the fitting for that case.

Figure 3a and Figure 4a show reflectivity data for
d-PSS56 at several polymer concentrations for 0.67 and
2.50 M KCl, respectively. For d-PSS56 with 0.67 M KCl,
the reflectivity decreases strongly with increasing poly-
mer concentration above 0.005 g/mL. The reflectivity for
PSS56 with 2.50 M KCl increases with increasing

Figure 1. (a) Neutron reflectivity data from PSS1150 solu-
tions at 0.67 M KCl: subphase (O), 0.0001 g/mL (b), 0.005
g/mL (0), and 0.01 g/mL PSS (9). The curves through the data
correspond to best fits using functional form model profiles.
(b) Best-fit segment concentration profiles corresponding to
0.0001 (s), 0.001 (- - -), 0.003 ()), 0.005 (‚ ‚ ‚), and 0.01 g/mL
PSS (- ‚ -).

Figure 2. (a) Neutron reflectivity data from PSS1150 solu-
tions at 2.50 M KCl: subphase (O), 0.0001 (b), 0.005 (0), and
0.01 g/mL PSS (9). The curves through the data correspond
to best fits using functional form model profiles. (b) Best-fit
segment concentration profiles corresponding to 0.0001 (s),
0.001 (- - -), 0.003 ()), 0.005 (‚ ‚ ‚), and 0.01 g/mL PSS (- ‚ -).
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polymer concentration until roughly 0.01 g/mL, beyond
which a strong decrease is again observed. Best-fit
segment concentration profiles are shown in Figures 3b
and 4b. For d-PSS56 at low polymer concentration, a
distinct second layer is again required, although the
functional form for the extended layer is different from
that for the d-PSS1150 sample. The data are consistent
with a functional form consisting of the sum of two
parabolas combined with an exponential tail. A smoothly
decaying single-layer profile is again consistent with the
data at higher polymer concentration.

For both samples, the dependence of adsorbed amount
on polymer concentration is plotted for 0.67 and 2.5 M
KCl in Figure 5 and Figure 6, respectively. The surface
excess is given by F∫(φ(z) - φb) d(z), where F is the
density of d-PSS and φ(z) is the volume fraction of chain
segments near the surface. The absolute adsorbed
amount is given by F∫φ(z) d(z), integrated to the depth
at which the bulk concentration is obtained. The de-
pendence of adsorbed amount on the molecular weight

is much stronger at the higher salt concentration (2.50
M). We note that the adsorbed amount for both samples
initially increases with polymer concentration, reaches
a maximum, and then decreases above a certain poly-
mer concentration. For both molecular weights the
maximum shifts to higher PSS concentration when the
salt concentration increases from 0.67 to 2.50 M. For
both salt concentrations, the maximum in adsorbed
amount occurs at higher polymer concentration for
d-PSS56 than for d-PSS1150.

X-ray reflectivity was also obtained for certain solu-
tion conditions. XR is much more sensitive to the
distribution of salt and counterions at the air surface
than NR, but is much less sensitive to the PSS segment
concentration. Figures 7a and 8a show X-ray reflectivity
data for solutions of d-PSS1150 at 0.001 and 0.01 g/mL
d-PSS, respectively, with 0.67 M KCl. Curves are also
shown for a subphase of 0.67 M KCl without PSS. The
data are displayed as the reflectivity divided by the
Fresnel reflectivity RF for an infinitely sharp interface.
This ratio can be expressed as25

Figure 3. (a) Neutron reflectivity data from PSS56 solutions
at 0.67 M KCl: subphase (O), 0.001 (0), and 0.02 g/mL PSS
(9). The curves through the data correspond to best fits using
functional form model profiles. (b) Best-fit segment concentra-
tion profiles corresponding to 0.001 (s), 0.005 (- - -), 0.01 ()),
and 0.02 g/mL PSS (‚ ‚ ‚).

Figure 4. (a) Neutron reflectivity data from PSS56 solutions
at 2.50 M KCl: subphase (O), 0.01 (0), and 0.067 g/mL PSS
(9). The curves through the data correspond to best fits using
functional form model profiles. (b) Best-fit segment concentra-
tion profiles corresponding to 0.001 (s), 0.005 (- - -), 0.01 ()),
0.02 (‚ ‚ ‚), and 0.067 g/mL PSS (- ‚ -).
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where Fsub is the electron density of the bulk phase, F′(z)
is the gradient of the electron density along the surface
normal, and qz is the wave vector normal to surface. For
pure water Fsub ) 0.334 e-/Å3, and at 0.67 M KCl Fsub )
0.340 e-/Å3. The data for the solution of 0.67 M KCl in
water are well described by a uniform subphase with
2.8 Å roughness at the air surface. The difference in the
data for the solutions with PSS relative to that in
absence of PSS indicates the magnitude of the signal
and the structure in the curve that arises from nonuni-
form ion distributions upon adsorption of PSS. With PSS
present in solution, the data show a maximum in
reflectivity at roughly q ) 0.15 Å-1 and a stronger
decrease in reflectivity with q for q > 0.20 Å-1. Most

notably, at low PSS concentration (0.001 g/mL), the
X-ray reflectivity contains a distinct minimum at q )
0.6 Å-1, which indicates that a well-defined layer with
elevated electron density exists within the interfacial
region. The minimum in the reflectivity data at q ) 0.6
Å-1 observed for the lower polymer concentration is not
present at higher polymer concentration (0.01 g/mL),
as shown in Figure 8a. The maximum at q ) 0.15 Å-1

is also weaker at the higher PSS concentration. The
curves through the data correspond to the electron
density profiles shown in Figures 7b and 8b. All electron
density profiles are normalized by the electron density
of the subphase. The best-fit electron density profile
shown in Figure 7b contains a ∼10 Å layer with electron
density of 0.405 e-/Å3. Importantly, the maximum in
electron density is displaced from the surface by ∼10
Å. The best-fit profile shown in Figure 8b indicates that

Figure 5. Surface excess (filled symbols) and absolute ad-
sorbed amount (open symbols) at the air surface of the aqueous
subphase with 0.67 M KCl as a function of polymer concentra-
tion for PSS1150 (b) and PSS56 (2).

Figure 6. Surface excess (filled symbols) and absolute ad-
sorbed amount (open symbols) at the air surface of the aqueous
subphase with 2.50 KCl as a function of polymer concentration
for PSS1150 (b) and PSS56 (2).

R
RF

) | 1
Fsub

∫F′(z)eiqzz dz|2 (1)

Figure 7. (a) X-ray reflectivity data for PSS1150 at 0.001
g/mL with 0.67 M KCl (b). The curve through the data
corresponds to the best fit using a model profile consisting of
several boxes and variable interfacial roughness. Also shown
is the reflectivity in the absence of PSS1150 (O). The curve
through these data corresponds to a uniform subphase with
2.8 Å roughness at the air surface. (b) Normalized electron
density profile corresponding to the curve through the data
with PSS1150 in (a). The layers are also shown without
smearing.
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the thin layer of high electron density becomes much
weaker and broader at the higher PSS concentration.
The dissipation of the peak in electron density occurs
over roughly the same range of d-PSS concentration as
the decrease in the adsorbed amount observed by NR.
Similar thin layers of elevated electron density have
been reported for the PSS blocks of PSS-PEE am-
phiphillic diblock copolymers at the air-water interface
by Ahrens et al.,29,30 although their data extended only
to q ) 0.5 Å so the minimum in reflectivity correspond-
ing to the layer was not directly observed. Finally, we
note that reflectivity for a solution of PSS1150 at 0.001
g/mL in water with no added salt (not shown) was
nearly indistinguishable from that for the subphase in
absence of PSS, which likely indicates that the surface
concentration of PSS was too dilute to be detected.

The surface tension of PSS1150 solutions with vary-
ing PSS concentration is plotted as a function of KCl
concentration in Figure 9. First, this plot shows that
the surface tension of a pure KCl solution increases with
KCl concentration. This effect is well-known.31,32 The

increase in surface tension results from the depletion
of ions near the surface due to image charge repulsion
and ion hydration. The surface tension of electrolytes
at low concentration was first explained by Onsager and
Samara.33 At high electrolyte concentrations the surface
tension has been accurately calculated using the modi-
fied Poisson-Boltzmann approximation34 or in the
canonical ensemble.35 Second, this plot shows that for
any particular polymer concentration the surface ten-
sion is nearly constant with increasing salt concentra-
tion, despite the fact that dramatic changes occur in the
adsorbed PSS segment profile. Third, there is a steady
decrease in surface tension with increasing polymer
concentration. The latter observation was reported for
PSS solutions in the absence of salt by Caminati and
Gabrielli.21

Discussion
Adsorbed Layer Structure for Low d-PSS Con-

centration. We begin by discussing the surface struc-
ture that occurs for dilute d-PSS concentration. The
peak in the electron density determined from X-ray
reflectivity can only be interpreted as an elevated
concentration of Na+, K+, or Cl - ions, as the electron
density of PSS is lower than that of water.36 We
emphasize that the peak in electron density is not
immediately at the surface, but at a depth of about 10
Å below the surface. This corresponds well to the
dimension of a PSS monomer.37 This suggests a surface
structure in which the PSS segments lie at the surface
with the low-energy backbone exposed to the air while
the sulfonate groups are submerged into the liquid, as
illustrated schematically in Figure 10. An analogous
structure was seen in simulations of a monolayer of
sodium dodecyl sulfate (SDS) at the air-water inter-
face.38 The dense layer of ions revealed in the data of
Figure 7 likely consists of counterions closely bound to
adsorbed PSS segments. To calculate the theoretical
electron density for a layer composed of K+SO3

-, a
knowledge of the density of K+SO3

- within the layer is
required. For an estimate in the limit of strong associa-
tion, we use the density of potassium dithionate (K2S2O6),
2.278 g/cm3. The calculated electron density is then

Figure 8. (a) X-ray reflectivity data for PSS1150 at 0.01 g/mL
with 0.67 M of KCl (b). The curve through the data corre-
sponds to best-fit box model profile shown in (b). The data are
again compared with the data in the absence of PSS1150 (O).
(b) Normalized electron density profile corresponding to the
curve through the data with PSS1150 in (a).

Figure 9. Surface tension of PSS1150 solutions as a function
of salt (KCl) concentration with varying polymer concentra-
tion: subphase (O), 0.001 (b), 0.003 (9), 0.005 ([), and 0.01
g/mL PSS (2).
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0.682. Such a layer would more than account for the
measured peak electron density of the thin layer of 0.403
e-/Å3. It is unlikely that the density of K+SO3

- in the
near-surface layer is as high as in solid potassium
dithionate. The measured electron density of 0.403 e-/Å3

corresponds to a density of 1.35 g/cm3 in the layer,
assuming only K+SO3

- (no water molecules).
A strong association of K+ and SO3

- near the air
surface can be explained by the enhanced Coulomb
interaction that occurs in the near surface region. The
air-water interface possesses a discontinuity in the
dielectric constant. The effect on the electrostatic in-
teractions between ions in the solution can be calculated
by the image charge method.39 The image charge
method is one means to include the proper boundary
conditions at a dielectric discontinuity. Let the dielectric
constants be εa in air and εw in water. The electric
potential at point P described by cylindrical coordinates
(r,φ,z) due to a charge Q in solution a distance d from
the interface is the sum of the potentials due to charge
Q and its image charge Q′,

where R1 ) [r2 + (d - z)]1/2, R2 ) [r2 + (d + z)]1/2, and
Q′ ) Q(εw - εa)/(εw + εa). One effect of the image charge
is the repulsion of any ion from the interface. Taking
εw to be 78 and εa to be 1, Q′ ) 77/79Q. If we consider
the case where the point P is also at the distance z ) d
from the interface, then

where Φw is the bulk potental in water, i.e., Q/εwr. Thus,
the interactions are altered such that the dielectric
constant at the interface is one-half that of the bulk.
This makes the attractive Coulomb interactions between
oppositely charged ions stronger. In other words, the
Bjerrum length is doubled at the interface. Thus, for a
pair of oppositely charged ions in the interfacial region,
their attraction will be about twice as strong as in the
bulk, but they will be repelled from the interface by their
image charges.34

For polyelectrolyte chains, the increased Coulomb
interaction near the interface likely has a significant
effect on the structure of the adsorbed layer. The
amount of counterion condensation depends on the
value of the Bjerrum length. The larger value at the
interface increases the amount of counterion condensa-
tion. Even though counterions are repelled from the
surface, they are more strongly attracted to the op-
positely charged sulfate groups just below the surface

than in the bulk. We note that no excess of election
density was observed in the absence of d-PSS. This is
expected due to the repulsion of ions from the surface.34

Thus, the layer of excess electron density is clearly
associated with the adsorption of polymer segments. We
note further that the layer of localized ions, while
observed for a PSS solution with 0.67 M KCl, was not
observed in the absence of salt. In the absence of salt
the adsorbed chains are likely too dilute to be detected.
Salt is required to allow the chains to pack densely at
the surface and produce a measurable signal.

This result from X-ray reflectivity helps to explain the
bilayer profiles obtained from the NR data. The distinct
bilayer profiles contrast with the smoothly varying
single-layer profile predicted by SCF theory.4 This
theory did not specifically treat the air surface and so
did not include the effect of the enhanced Coulomb
interaction, the depletion of salt from the surface, or the
strong attraction of the low-energy backbone to the
surface. These effects result in a thin layer of elevated
SLD near the air surface. In the NR profiles, the thin
layer at the air surface has a dimension of 20 ( 10 Å.
This thickness includes the dense layer of ions as well
as PSS segments.

Variation in Layer Structure with d-PSS Con-
centration. The most surprising result in our study is
that the adsorbed amount for both molecular weights
reaches a maximum and then decreases with polymer
concentration in the semidilute regime, as shown in
Figures 5 and 6. Both NR and XR data show that the
thin layer at the air surface dissipates with increasing
polymer concentration. The results are summarized in
the illustration in Figure 11. The fact that the adsorbed
amount decreases, rather than simply remaining con-
stant, with increasing d-PSS concentration is particu-
larly striking. The adsorption of polymer segments to
the air surface is driven by a decrease in surface energy,
which can be estimated as a2S, where a2 is the area per
monomer and S ) γair/water - γair/PSS - γPSS/water, where
γair/water, γair/PSS, and γPSS/water are the interfacial tensions.
Assuming that the low surface energy backbone of PSS
has the same surface energy as polystyrene (40 mN/
m), that the interfacial tension between PSS and water
is negligible, and an area per monomer of 36 Å2, then
the adsorption energy per monomer is 2.8kT. Since the
backbone of PSS is hydrophobic, the interfacial tension
between PSS and water is likely to be significant.
Therefore, the value of 2.8kT per monomer is an upper
limit. The observed decrease in the segment concentra-

Figure 10. Schematic diagram of PSS chain segments with
counterions at the air/water interface. The condensed ions
correspond to a high electron density layer. This profile is
convoluted with the roughness in the experimental profile.

Φ ) 1
εw

( Q
R1

+ Q′
R2

) (2)

Φ ) Q
εwr(1 +

R1

R2

77
79) = 2Φw (3)

Figure 11. Schematic diagram of PSS chain segments with
ions at the air/water interface for two different polymer
concentrations.
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tion at the surface with increasing PSS concentration
implies that there must be effects which compensate for
an increase in surface free energy of this magnitude.

Furthermore, the fact that the transition is a function
of molecular weight and salt concentration suggests a
relationship with the overlap polymer concentration,
Cp*. The polymer overlap concentration, which is the
demarcation between the dilute and semidilute concen-
tration regimes, may be defined analogous to that
for uncharged macromolecules with the following
equation:40

where N is the degree of polymerization and RG is the
radius of gyration of the polyelectrolyte. A value for RG
of 140 Å has been reported for d-PSS with a molecular
weight of 72 000 g/mol (including Na+ counterions) in
pure water.8 The molecular weight of d-PSS56 is 62 000
g/mol (including Na+ counterions). With no added salt,
the solvent quality of PSS in water is better than that
for PS in a good solvent such as toluene, and the
relationship RG ∼ N0.82 was determined by MD simula-
tions.17 Using this relationship and the data for Rg of
the 72 000 g/mol sample, we estimate RG of d-PSS56 in
pure water to be ∼124 Å. Guenoun et al. measured RG
as a function of salt concentration for NaPSS/PtBS
diblock copolymers with very short PtBS blocks.41 They
found that RG of NaPSS/PtBS (83 000/4200 g/mol) in
pure water decreases by a factor of 0.57 with addition
of salt (NaCl) to 0.5 M. Using this factor and the above
estimate of RG of d-PSS56 in pure water, we estimate
that RG of d-PSS56 in 0.67 M KCl solution to be ∼71 Å.
This gives a value of Cp* of 0.069 g/cm3. To estimate
Cp* for d-PSS1150, the molecular weight scaling rela-
tionship at 0.67 M KCl is required. Elsewhere, it was
shown that D ∼ M-0.6 for PSS in 0.15 M NaCl,42 where
D is the diffusion coefficient. Using ν ) 0.6 in eq 4, we
estimate Cp* to be 0.0061 g/cm3 for d-PSS1150 with 0.67
M KCl. For 2.50 M KCl, the bulk chain conformations
should be close to Gaussian as the Θ solvent condition
is known to occur at a KCl concentration of 3.1 M.42,43

RG for d-PSS with a molecular weight of 72 000 g/mol
at the Θ condition has been reported to be 52 Å.8 With
ν ) 0.5 for a Gaussian chain in eq 4, the Cp* values for
d-PSS56 and d-PSS1150 at 2.50 M KCl are estimated
as 0.21 and 0.047 g/cm3, respectively. Note that the
transition points in Figures 5 and 6 occur consistently
at concentrations about an order of magnitude lower
than the estimated chain overlap concentrations (shown
as arrows).

Thus, we consider effects that would lead to a lower
free energy for free chains in solution relative to chains
adsorbed at the surface, and that depend on molecular
weight and salt concentration in a manner consistent
with that of the chain overlap concentration. A particu-
lar challenge is to explain how the bulk polyelectrolyte
concentration can affect the layer structure even in the
presence of high salt concentration, where Coulomb
interactions should already be strongly screened. Below
we offer two possibilities along with counter arguments.

First, we consider the depletion of salt near the
surface and the possibility of interchain screening of the
Coulomb interactions in that region. This could explain
a polymer concentration effect in the presence of high
bulk salt concentration. The argument focuses on a
competition between chain configurational entropy and

image charge repulsion which favor loops and tails over
trains, and the segmental adsorption energy which
drives adsorption. Image charge repulsion will increase
the free energy of segments near the surface relative to
segments in the bulk. The magnitude of this effect will
be given by kT × (Bjerrum length divided by the
distance of the ions from the surface), which will also
be of order kT/(monomer in the near surface region).
We expect this effect to be largely independent of PSS
concentration. Thus, in this view the dependence on
overlap concentration must arise due to interchain
screening. Interchain screening in the near surface
region where salt is depleted would result in a decreas-
ing persistence length for the chains until the intrinsic,
neutral value is reached. With Coulomb interactions
highly screened, chain entropy dominates favoring loops
and tails over trains. This effect alone is unlikely to
account for the desorption of chains from the surface
as overlap is reached,44 but in combination with image
charge repulsion would lead to fewer adsorbed segments
per chain. However, arguing against this explanation
is the fact that an elevated concentration of PSS
segments in the salt-depleted region is required for
screening, yet this region is very small and appears to
coincide with the first layer of the bilayer profiles, for
which we observe a strong decrease in adsorbed segment
density with bulk PSS concentration.

Alternatively, the transition may be related to the
appearance of associations or aggregates in solution.
Evidence for interchain aggregation or association
in aqueous solutions of PSS has been reported pre-
viously,10-13 apparently indicating that an attractive
interaction occurs among the PSS chains in the bulk.
Several researchers have reported the existence of two
relaxation modes in polyelectrolyte solutions containing
monovalent salt by dynamic light scattering.10-13 The
fast relaxation mode is interpreted as a cooperative
diffusion of polyions and counterions. It seems that the
existence of polyelectrolyte aggregates or domains can
give a satisfactory interpretation for the slow mode.
There have been conflicting reports regarding the solu-
tion conditions for the appearance of double-exponential
correlation functions. One group reported a single-
exponential decay at high salt concentrations, but the
correlation functions became double exponential as the
concentration of added salt was reduced.10 On the other
hand, Sehgal and Seery12 reported double-exponential
correlation functions over a wide range of salt concen-
trations for PSS in N-methylformamide, and Sedlak45

reported for NaPSS in aqueous NaCl solutions that the
slow mode can persist until Θ conditions (4.17 M NaCl)
at sufficiently high polymer concentration. Recently,
Tanahatoe and Kuil13a studied the diffusion coefficient
of NaPSS for molecular weights ranging from 77 to 350
kg/mol over PSS concentrations ranging from 1 to 40
g/L at a fixed NaCl concentration of 0.01 M. They found
that at the lowest polymer concentration the correlation
functions were single-exponential. As the polymer con-
centration increased beyond 0.001 g/mL, double-expo-
nential correlation functions were obtained. The poly-
mer concentration at which the slow diffusion coefficient
started to appear roughly matched Cp*. In addition to
studying the autocorrelation functions, they were able
to directly image aggregates in solution by optical
microscopy. They also reported an increase in total
scattered intensity with increasing PSS concentration
beginning at about 0.001 g/mL. In further work, they

Cp* ) N/RG
3 ∼ N1-3ν (4)
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reported that for a 77 kg/mol PSS sample the size of
the aggregated domains decreased with increasing ionic
strength.13b They reported that the aggregates were not
an artifact of their purification procedures, as double-
exponential correlation functions were obtained for
solutions made from as-received materials without
further dialyzing the polymer or filtering as well as from
solutions made after dialyzation and filtration (0.65 µm
pore size).

Considering the presence of aggregates in the bulk,
we performed turbidity measurements as a function of
PSS and KCl concentration for PSS1150. Whereas the
solutions all appeared clear to the eye, a significant
decrease in transmitted intensity was measured with
increasing PSS concentration beginning at CPSS ) 0.001
g/mL. The PSS concentration where the transmitted
intensity began to decrease was nearly independent of
salt concentration from 0.01 to 2.5 M KCl, but we cannot
rule out a weak dependence. Our turbidity measure-
ments are qualitatively consistent with the measure-
ments of total scattered intensity at 90° reported by
Tanahoe and Kuil.

Thus, there is evidence that PSS chains associate in
aqueous solutions containing monovalent salts far from
any phase boundary. (We reiterate that the Θ condition
for the present system has been estimated at 3.5 M KCl,
which is greater than the concentration used in the
present work.) The reason for an interchain association
in these solutions has been puzzling.46-50 Nevertheless,
the present data on the adsorbed layer structure at the
air surface may provide independent support for the
notion of an association between chains within the bulk
solution, suggesting that the decrease in free energy
upon association is sufficient to overcome the adsorption
energy. The question then arises as to why the ag-
gregates of associated chains do not adsorb at the air
surface. One possibility is that the hydrophobic back-
bones of the d-PSS chains associate in a way that leaves
the charged groups exposed at the periphery of the
aggregates. In that case, the aggregates would be
repelled from the surface. Another possibility is that the
aggregates do indeed adsorb but with a very dilute
segment density.

We note that two groups previously used neutron
scattering to study the small scale structure of bulk
aqueous solutions of PSS over a similar salt and PSS
concentration range as in the present work. Spiteri et
al. measured the persistence length of NaPSS in solu-
tions of NaBr for two polymer concentrations as a
function of salt.9 They examined only the form factor
and reported no data for the structure factor. Their
results indicate that the persistence length depends on
only cpss + 2csalt, which led them to question counterion
condensation at the nanometer level. Another recent
study examined the total scattering from semidilute
solutions of NaPSS in the presence of barium chloride.51

With increasing divalent salt concentration, the scat-
tering at low q diverged smoothly as the phase boundary
was approached. Neither of these studies reported
evidence of anomalous aggregation away from a phase
boundary, which may indicate that the interchain
association does not strongly affect the small scale
structure of the chains.

Surface Tension. Finally, we turn to the surface
tension data. Interestingly, we find that the surface
tension varies monotonically with the concentration of
PSS in bulk solution but does not correlate with the

concentration of PSS at the surface. In Figure 9 for all
salt concentrations examined, there is a continuous
decrease in surface tension with increasing d-PSS
concentration in solution. However, for fixed d-PSS
concentration in solution, little or no change in surface
tension is observed as a function of salt concentration,
even though the adsorbed segment profiles of d-PSS
vary dramatically. This contrasts sharply with the
behavior for solutions of uncharged polymers where
polymer adsorption corresponds to a decrease in surface
tension.52,53 Moreover, for uncharged polymers the
surface tension has been shown to be independent of
the bulk solution concentration over a wide range for
the case of a depletion of polymer at the surface.52,54

Thus, the relationships between the surface tension and
the surface and bulk polymer concentrations are very
different for charged and uncharged polymers. While a
theory for the surface tension of solutions containing
uncharged polymers was presented a number of years
ago,52 to our knowledge no such theory has yet been
offered for solutions of charged polymers. We do not
have an interpretation of these data as yet but simply
note that surface tension is not an indicator of adsorbed
amount in this strong polyelectrolyte system. A similar
finding was reported by Frommer and Miller in their
study of the adsorption of DNA at the air surface of
aqueous buffer solution.55 Significant adsorbed amounts
were determined using tritium-labeled DNA, and yet
little or no change in surface tension was observed.
Theodoly et al. arrived at a similar conclusion in their
study of the surface tension of aqueous solutions of
partially sulfonated PSS.22 They successively exchanged
the solution underneath an adsorbed polymer layer with
pure water and a salt solution and found that the
surface tension oscillated repeatedly between the same
two values. Since the surface tension values were
reproducible with repeated exchanges, the authors
concluded that the changes in surface tension could not
be explained by changes in the adsorbed amount, but
rather by electrostatic effects due to changes in the ionic
strength of the bulk solution.

The Gibbs adsorption equation can be written as56

where γ is the surface tension, Γi are surface excesses,
ci are the concentrations, fi are the activity coefficients,
and the subscript “ci” refers to counterion. The experi-
mental finding dγ/d(ln csalt) ) 0 in Figure 9 leads to the
following relationship:

for the range of salt concentration examined. This
relationship indicates that changes in PSS adsorbed
amount with varying salt concentration are compen-
sated by changes in the distribution of salt near the
surface or by changes in the activity coefficients. We
expect that the activity coefficients are sensitive to the
size and valency of the counterions. This will be
investigated in future work.

- dγ
RT

) ΓPSSd(ln cPSS fPSS) + Γcid(ln cci fci) +

Γsaltd(ln csalt fsalt) (5)

ΓPSS

∂(ln fPSS)

∂(ln csalt)|cPSS

+ Γci

∂(ln fci)

∂(ln csalt)|cPSS

)

-Γsalt(∂(ln fsalt)

∂(ln csalt)|cPSS

+ 1) (6)
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Summary

We have investigated the adsorption of d-PSS to the
air surface of aqueous solutions as a function of PSS
concentration, molecular weight, and salt concentration.
We combine direct measurements of the polymer seg-
ment distribution by neutron reflection, the counterion
distribution by X-ray reflection, and the surface free
energy by surface tension measurements. At low poly-
mer concentration, a bilayer profile is obtained from NR,
composed of a thin layer of high scattering length
density at the air surface and a distinct second layer of
much lower scattering length density that extends well
into the subphase. The combination of NR and XR
suggests that the near surface region is actually com-
posed of a dense layer of polymer segments at the
surface (trains) followed by a dense layer of counterions.
With increasing polymer concentration, we find that the
dense layer of segments and counterions at the air
surface both dissipate, and the profiles tend toward a
smoothly decaying one-layer profile. Correspondingly,
the adsorbed amount for both molecular weights first
increases, reaches a maximum, and then decreases with
d-PSS concentration. The decrease in adsorbed amount
with polymer concentration is dependent on both the
molecular weight and salt concentration in the solution
in a way that suggests a dependence on the chain
overlap concentration. This transition may be related
to reports of interchain associations in the bulk of PSS
solutions. Finally, we observe that the surface tension
correlates with the concentration of PSS in bulk solution
but does not correlate with the amount of PSS adsorbed
at the surface.
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